Abstract-Temperature distribution in tissues behind ribs produced by weakly focused ultrasound had been calculated using Pennes bioheat equation and the validity of the theoretical model was experimentally confirmed in vitro using porcine live. We found that the position of the maximum temperature in tissue is strongly influenced by the distance between the transducer and ribs, while the gap between ribs is the determining factor for the maximum achievable temperature. Within the focal length, when the distance between the transducer and ribs increases, the maximum temperature increases and its position shifts away from the transducer. The rib width has little effect on the position of the maximum temperature but affects the achievable peak temperature. Our results provide useful information for treating liver cancers using ultrasound induced hyperthermia.
INTRODUCTION
Ultrasound can penetrate into the interior of human body for clinical treatments. Many ultrasound-based therapeutic methods have been developed in the past 30 years. Some of them, such as ultrasound induced hyperthermia (Diederich et al. 1999; Matsumine et al. 2007 ) and highintensity focused ultrasound (Chaussy et al. 2005; ter Haar et al. 2007; Li et al. 2004; Gunnar et al. 2006) , are already used clinically for cancer treatment. Although ultrasound has great potential for therapeutic treatments, there are some limitations preventing it from certain applications (Chavrier et al. 2000; Illing et al. 2005; , for example, the presence of bones in the beam pathway is a major problem in ultrasonic thermal therapy. The acoustic absorption of sound waves in bones at frequencies commonly used for hyperthermia is more than an order of magnitude higher than that in soft tissues (Goss 1978) . In addition, acoustic waves are strongly reflected by bones so that part of the acoustic energy will be blocked. Higher acoustic absorption and strong reflection caused by bones affect the temperature distribution in tissues and produce uncertainties in ultrasound treatments. Therefore, it is important to develop a practical theoretical model addressing the blocking effect of bones to provide guidance for therapeutic applications of ultrasound induced hyperthermia.
The temperature distribution produced by ultrasound may be obtained by solving the Pennes bioheat equation (Pennes 1948) for most situations. For example, using a finite-difference method Qian et al. studied the steady state temperature field in the human body generated by concave focused ultrasound transducer for hyperthermia (Qian et al. 2001) . In their article, the influence of transducer parameters and tissue properties on the effective treated area was analyzed by introducing the concepts of heat focal distance and isotherms. Wu et al. calculated the steady state temperature elevation along the beam axis generated by a focused Gaussian beam (Wu et al. 1990) . They found that the temperature rise is an increasing function of the ultrasound intensity but not significantly affected by the focal point adjustment at the transducer-medium interface. They also discussed temperature distribution at the tissue-bone interface. Moros et al. used three different techniques to measure the temperature distribution in tissues behind bones (Moros et al. 2004 ). Fujii et al. also studied the temperature rise at the muscle-bone interface during ultrasound hyperthermia (Fujii et al. 1999 ).
To decrease the influence of bones in ultrasonic therapy, a time-reversal method by focusing pulsed ultrasonic waves through absorbing and aberranting layers was proposed to administer targeted treatment of brain tumors (Tanter et al. 1998; Aubry et al. 2008) . Two-step hybrid virtual array-ray technique for beam focusing through the rib cage was proposed by Botros et al. (Botros et al. 1998 ). In addition, the feasibility of using a spherical ultrasound phased array for transrib livertumor thermal ablation was also investigated .
To improve the effectiveness of the ultrasound treatment, it is important to know the temperature field behind ribs. In this study, we investigated theoretically and experimentally the influence of rib cage parameters on the distribution of temperature field in tissues behind the ribs. A three-dimensional (3-D) model was formulated using the alternating direction implicit (ADI) backward finite difference method (Lapidus et al. 1982) in combination with a prediction-refinement method. We also performed experiments to verify the validity of our theoretical approach and theoretical results. After the validation, the theoretical model was used to numerically predict the influence of several parameters to the temperature distribution behind ribs, including the distance between the transducer and ribs, rib width and gap size between ribs. The purpose of this study is to provide a theoretical approach to guide the clinical usage of focused ultrasound in treating liver cancer via hyperthermia.
Aubry et al. used a high power 200-element phased array to investigate the influence of ribs on the HIFU treatment. The defocusing effect of the ribs was experimentally measured in vitro and a time reversal technique was introduced to decrease this effect. It was demonstrated that the temperature of the rib cage could be dramatically reduced by the time-reversal technique. Our approach differs from those earlier studies (Aubry et al. 2008; Botros et al. 1996; Li et al. 2007 ). We simulated the 3-D temperature distribution near the focal point of the transducer and inside the ribs when the ribs are present. The theoretical model, which was validated by our experiments and the experimental data of Fujii et al. (1999) , was used to numerically predict the influence of different parameters to the temperature field, including the distance between the transducer and ribs, rib width and the gap size between ribs.
METHODS

Theoretical model and numerical algorithm
The well-known Khokhlov-Zabolotaskaya-Kuznetsov (KZK) equation (Kuznetsov 1970 ) was used to model the nonlinear wave propagation in water or biologic tissues. Its dimensionless form can be written as follows: being the Rayleigh distance. The sound pressure in the form of a complex Fourier series expansion is solved by means of the aforementioned ADI backward finite difference method combined with a prediction-refinement method (Li et al. 2007) .
Since the pressure of each harmonic is calculated, the total intensity can be calculated by:
where N max is the maximum harmonics used in the calculation. In this work, we set N max 57, a value, which would not cause any appreciable energy reflection from the truncated harmonics to lower harmonic components in the numerical calculation. This choice of 7 also reflects the experimental situation. The bandwidth of our hydrophone is from 1 MHz to 10 MHz. We cannot detect the eighth harmonics and beyond, although the eighth harmonics (1.13*8 5 9.04 MHz) is within the bandwidth of the hydrophone. In other words, the maximum detectable harmonics in the experimental is N max 57.
The absorption of acoustic energy in the media can be expressed as:
where m51:121:3 for biologic tissues and m51 for ribs. The temperature distribution in the tissue can be calculated by the Pennes bioheat equation (Pennes 1948) :
where r s is the tissue density, t is time, C s is the specific heat of tissue, K s is the tissue thermal conductivity, W b is the blood perfusion rate, C b is the specific heat of blood, T is the temperature of tissue, T N is the temperature of blood, Q m is the rate of heat generation per tissue unit The sound intensity on the surface of the transducer was 1.0 W/cm 2 . The acoustic power was measured by the radiation force method (Hill 1970 ) and the sound intensity was calculated as the acoustic output power divided by the surface area of the transducer. The initial pressure amplitude is 0.2 MPa.
For simplicity, the ribs are assumed to have a rectangular cross-section extending along the Y-axis. Hence, the sound beam is parallel to Y-Z plane at the interface between water and ribs; there is practically no sound energy entering the ribs from Y-Z or X-Z planes. Rigid boundaries are assumed at the interfaces between water and ribs. When ribs are present in the acoustic pathway, most of the energy is either reflected at the water-rib interface or absorbed by the ribs so that the sound pressure immediately behind the rib is negligibly small, which was experimentally measured to be 35 dB lower than the incident pressure (Li et al. 2007 ).
Aweakly focused transducer was used in the study so that the sound beam may be considered perpendicularly incident onto the water-rib interface along the Z-direction. The boundary condition on the front face parallel to the X-Y plane is:
where r 1 5993ðkg=m 3 Þ, c 1 51520ðm=sÞ; are density and sound velocity of water, respectively; r 2 51775ðkg=m 3 Þ, c 2 53380ðm=sÞ, are density and sound velocity of rib, respectively (Fujii et al. 1999) ; and z 1 is distance from the transducer to the interface between water and ribs. The absorption coefficient of ribs is a 2 5150Np=m=MHz (Moros et al. 1999) . Other parameters of the ribs and the liver are the same as those in the paper of Fujii et al. (1999) .
We assume that the water temperature is constant and the temperature field is continuous across the ribwater interface. Using Pennes bioheat equation, we can get the temperature distribution inside the rib as well as in the tissue.
Because our experiment was performed on biologic tissues in vitro, the heat flow from blood circulation does not exist so that W b can be negelected, Q m can also be neglected in dead tissues. Therefore, the Pennes bioheat equation can be simplified to
where T5T2T 0 , T 0 is the temperature before heating.
To calculate the temperature elevation, we used the alternating direction implicit (ADI) backward finite difference method to solve eqn (5) similar to what was described by Li et al. (2007) . The calculation flowchart is depicted in Figure 1 . In the i th step, the calculation was along the X direction, line by line until the plane was finished, then to the ði11Þ th step with the time being increased by Dt and the calculation was along the Y direction, line by line until the plane was finished. Afterward, the time was increased by Dt again and we could start the ði12Þ th step, in which the calculation was along the X direction again. Similarly, in all consecutive calculations, the calculation direction alternated between the X and Y directions until the temperature distribution of a given time period was obtained. The scenario for the 3-D case was similar except the alternating calculation sequence was among all three X-Y-Z directions.
The numerical errors are quadratic in the space steps DX and DY and linear in the space step DZ and time step Dt. The mesh was refined until the relative difference between two consecutive solutions was less than 0.001. In the current study, the step sizes in X, Y and Z axial directions were set to be DX 5 DY5 5*10 -3 and DZ 5 5*10 -4 and the step size of time was 0.02 s.
Experimental arrangement
The experimental setup is shown in Figure 2 . A programmable function generator (Agilent 33250A; Agilent Technologies, Inc., Loveland, CO, USA) generated 1.13 MHz CW signal. This signal was first amplified 55 dB by a broadband power amplifier (ENI A150; Electronics & Innovation Ltd., Rochester, NY, USA) then sent to a weakly focused transducer (center frequency 1.13 MHz, diameter 35 mm, geometrical focal length 143 mm). The temperature distribution was measured by a thermocouple attached to an instrument produced by Yokogawa (MV100; Yokogawa Electric Co., Japan). The probe was mounted on a 3-D mechanical scanning system (Newport Motion Controller MM3000, Irvine, CA, USA) with a resolution of 0.1 mm. Our actual scanning step was 0.1 mm. The diameter of the thermocouple is only about 50 mm, so that its influence on the tissue temperature may be neglected (Eichler et al. 1978) . The position uncertainty of the thermocouple was about 0.5 mm and the uncertainty of the temperature measurement was about 0.7 C. Porcine ribs were chosen in our study because their size and acoustic properties are similar to that of human ribs (Mast et al. 1999) . Two porcine ribs and a piece of liver were obtained from a local slaughterhouse. The dimensions of ribs are 7 mm 310 mm 340 mm and the dimensions of the liver are 30 mm 3 30 mm 350 mm. The overlying muscles were removed by a scalpel and the ribs and liver were preserved in a 0.9% saline solution before use. Initially, the ribs were positioned 71.5 mm away from the surface of the transducer right in front of the liver (Fig. 2) . The gap between the ribs was 10 mm. A small hole of 1 mm in diameter was made by a surgical needle along the z-direction in the liver for the thermocouple to move along the z-direction. The transducer, ribs and liver were immersed in distilled, degassed water at 22 C.
RESULTS
To validate the calculation procedure, we first performed calculations using parameters given by Fujii et al. (1999) . As shown in Figure 3 , our prediction matched well with their experimental results. For the test calculation, the dimensions of the bones were: 180 mm 3 50 mm 310 mm, the diameter of the transducer was 10 cm, the focal length of the transducer was 150 mm and the center frequency of the transducer was 500 kHz. The angle of incidence of the sound wave on the bone was set to zero and the heating time was 6 min. Figure 4 shows the theoretical predictions and experimental observations of temperature elevation vs. time at the highest temperature point in the tissue for cases with and without ribs. Lines a and b represent the experimental measured and theoretically predicted temperature elevations vs. time without ribs while lines c and d are the experimental measured and theoretically predicted temperature elevations versus time with ribs in the pathway. Relatively large difference between theory and experiments was found at the beginning for the case with ribs, but the difference becomes smaller as time goes on. After 6 min, the theoretical prediction was 9.26% lower than the experimentally observed values for the case without ribs, only 1.98% lower than the experimentally observed temperature elevation for the case with ribs. Such an agreement between theory and experiments is better than any published work up to date. Because we only consider hyperthermia in this study, long-time temperature distribution is more important. Therefore, our calculation procedure is quite accurate for the purpose.
One can see from the results that there was a drastic decrease in temperature when ribs blocked part of the acoustic pathway. The predicted temperature elevation at the highest temperature point dropped from 12.34 C down to 9.90 C while the experimental observed temperature decreased from 13.6 C down to 10.1 C. This is due to the effective cross section of the beam reaching the Fig. 2 . Experimental set-up. Fig. 3 . Comparison of temperature elevation distribution along z-direction using parameters in the article by Fujii et al. (1999) . Line: calculation results using our model; (filled circle) experimental results from the reference.
focal point becomes smaller because the bones either reflect or absorb the acoustic energy when the beam hit them. After 6 min ultrasound insonification, the simulated temperature distribution at the cross section of the highest temperature elevation point parallel to the x-y plane is shown in Figure 5 . The image on the left is for the case with ribs in the pathway, this cross section plane is 8.15 cm from the surface of the transducer. The image on the right is for the situation without ribs and the crosssection plane is 8.53 cm from the surface of the transducer. This means that the highest temperature point with ribs blocking the pathway is 0.38 cm closer to the transducer because ribs caused bending of the ultrasonic beam. Without ribs, the temperature distribution has circular symmetry and the highest temperature elevation is 12.34 C, while for the situation with ribs in the pathway, the temperature distribution is an ellipse and the highest temperature elevation is 9.90 C. The maximum calculated temperature elevation inside ribs is 5.83 C, which is smaller than the maximum temperature elevation in the liver. With ribs, the temperature elevation distribution as a function of z is given in Figure 6 . Along the z-line passing through the point (x, y) 5 (0, 0) mm, the maximum temperature elevation occurs at z 5 81.5 mm while for the z-lines passing through the point (x, y) 5 (6.0, 0.0) mm and (x, y) 5 (10.0, 0.0) mm, the maximum temperature elevations both occur at z 5 72.3 mm As a comparison, the temperature elevation without ribs along these three z-lines are given in Figure 7 .
The influence of rib's position on the location of maximum temperature after 80 seconds insonification is shown in Table 1 . When the distance between the transducer and ribs changes from 3.7 cm to 9.45 cm, the position of maximum temperature changes from 7.86 cm to 9.68 cm from the transducer surface and the temperature elevation increases from 3.47 C to 16.91 C. Notice that when the distance between the transducer and the ribs increased 5.75 cm, the position of maximum temperature only increased by 1.82 cm but the temperature elevation increased by 13.44 C. This is because the sound wave is transmitted through the gap between the two ribs. When the distance between the transducer and ribs becomes smaller, more sound energy is blocked by the ribs because the transducer size is bigger than the gap. As the ribs moves away from the transducer, the focused beam becomes narrower so that more acoustic energy can pass through the gap. At the same time, because the sound wave propagation distance in the lossy biologic tissue also increases when the ribs (on the liver surface) are closer to the transducer surface, the temperature elevation becomes lower and it also takes longer time for the temperature to increase. Lines a-e in Figure 7 represent cases for transducer-rib distance of 9.45, 8.3, 6.0, 4.85 and 3.7 cm, respectively, and Figure 8 shows the temperature increase with time for different transducer-rib distances.
One can see from Table 1 that the maximum temperature elevation in ribs also increased with the distance between the transducer and ribs. Table 2 shows the influence of ribs on the maximum temperature elevations in the liver and in ribs after 80 s insonification.
If we want the temperature maximum to appear at a fixed distance of 4.16 cm deep in the liver, the Gap between the ribs 5 1.2 cm; rib width 5 1.0 cm. transducer must be put at 4.59 cm and 3.7 cm away from the liver surface for cases with and without ribs, respectively. That is to say, if we want to treat the liver cancer at fixed point, we must reduce the distance between the transducer and the tumor when the ribs are present. Our results showed that the maximum temperature elevation changed from 5.64 C to 3.47 C due to the presence of ribs.
The influence of the rib width (0.4 cm-1.0 cm for normal people, Mohr et al. 2007 ) on the position and magnitude of maximum temperature after 80 s insonification are given in Table 3 , for which the distance between the transducer and ribs is 7.5 cm and the gap between ribs is 1.2 cm. From Table 3 the influence of rib width on the position and magnitude of maximum temperature is not significant. This is because the temperature elevation is mainly caused by the sound energy transmitted through the gap between ribs while the energy diffracted from the edge of the ribs is negligible.
For humans, the gap between ribs is in the range of 0.6 to 1.5 cm (Nunn et al. 1980) and it increases with age before the age of 25. Research data showed that the percentage of people with narrow gap of less than 1 cm is 93.4% (Liu 2000) , which makes ultrasound treatment troublesome. Therefore, understanding the influence of rib gap on the temperature elevation is very useful. As shown in Table 4 , when the gap between ribs increased from 0.6 cm to 1.5 cm, the position of maximum temperature moved away from the transducer from 7.74 cm to 9.02 cm and the highest temperature elevation also increased from 7.57 C to 13.56 C. For wider gap between ribs, more ultrasonic power can enter the tissue, so that higher temperature can be produced in the liver. Figure 9 shows the highest temperature elevation with time for the gap size from 0.6 cm to 1.5 cm. When the gap size is 0.6 cm, the highest temperature elevation is 7.57 C after 80 s treatment while for a 1.5 cm gap, the maximum temperature rise becomes 13.56 C for the same time period of treatment. Table 5 shows the effect of transducer f-number on the position and peak value of the maximum temperature. One can see that with the decrease of the transducer fnumber, both the maximum temperature and its position increase.
DISCUSSION AND SUMMARY
In summary, the temperature distributions in tissues and bones were calculated by the Pennes bioheat equation. We showed that the presence of ribs greatly affect the temperature distribution, both in terms of peak value and position. Our theoretical predictions agree well with our experimental measurements using a weakly focused ultrasonic transducer. Distance between transducer and ribs 5 7.5 cm; rib width 5 1.0 cm.
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Ultrasound in Medicine and Biology Volume 36, Number 10, 2010 We found that the temperature distribution and the position of maximum temperature are strongly influenced by the distance between the transducer and the ribs while the gap between ribs is a determining factor for the highest achievable temperature. However, the width of the rib has little effect on the position and peak value of the maximum temperature.
The maximum temperature elevation inside ribs also increases with the distance between the transducer and ribs but decreases with the increase of the rib gap size as well as the transducer f-number.
Our results indicated that the most effective way to control the temperature in ultrasound induced hyperthermia is to use appropriate f-number focused transducer and adjust the distance between the transducer and ribs using water as a medium in between. Based on the width of rib and the rib gap size of a particular patient, doctors should determine the sound intensity of the transducer and the distance between the transducer and the ribs. Our theoretical treatment presented here may provide a useful tool to help doctors making such decisions. Distance between transducer and ribs 5 7.5 cm; gap between ribs 5 1.2 cm; rib width 5 1.0 cm. The geometrical focal length of the transducer is 143 mm and the diameter of the transducer is 30 cm, 35 cm, 40 cm and 50 cm, respectively. 1.0 cm, distance between the transducer and ribs 5 7.5 cm.
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